Gilthead sea bream is an economically important fish species that is remarkably well-adapted to 21 farming and changing environments. Understanding the genomic basis of this plasticity will serve 22 42 diversification in the evolution of gilthead sea bream genome during its successful adaptation to a 43 changing and pathogen-rich environment. This issue also underscores a role of evolutionary routes 44 3 for rapid increase of the gene repertoire in teleost fish that are independent of polyploidization. 45 Since gilthead sea bream has a well-recognized plasticity, the current study will advance our 46 understanding of fish biology and how organisms of this taxon interact with the environment. 47 48 Keywords 49 Gilthead sea bream, phylogenomics, gene duplications, transposon mobilization, immune 50 response, response to stimulus, adaptive plasticity.
to orientate domestication and selective breeding towards more robust and efficient fish. To 23 address this goal, a draft genome assembly was reconstructed combining short-and long-read 24 high-throughput sequencing with genetic linkage maps. The assembled unmasked genome spans 25 1.24 Gb of an expected 1.59 Gb genome size with 932 scaffolds (~732 Mb) anchored to 24 26 chromosomes that are available as a karyotype browser at www.nutrigroup-27 iats.org/seabreambrowser. Homology-based functional annotation, supported by RNA-seq 28 transcripts, identified 55,423 actively transcribed genes corresponding to 21,275 unique 29 descriptions with more than 55% of duplicated genes. The mobilome accounts for the 75% of the 30 full genome size and it is mostly constituted by introns (599 Mb), whereas the rest is represented 31 by low complexity repeats, RNA retrotransposons, DNA transposons and non-coding RNAs. This 32 mobilome also contains a large number of chimeric/composite genes (i. e. loci presenting 33 fragments or exons mostly surrounded by LINEs and Tc1/mariner DNA transposons), whose 34 analysis revealed an enrichment in immune-related functions and processes. Analysis of synteny 35 and gene phylogenies uncovered a high rate of species-specific duplications, resulting from recent 36 independent duplications rather than from genome polyploidization (2.024 duplications per gene; 37 0.385 excluding gene expansions). These species-specific duplications were enriched in gene 38 families functionally related to genome transposition, immune response and sensory responses. 39 Additionally, transcriptional analysis of liver, skeletal muscle, intestine, gills and spleen supported 40 a high number of functionally specialized paralogs under tissue-exclusive regulation. Altogether, 41 these findings suggest a role of recent large-scale gene duplications coupled to tissue expression Introduction 52 Gilthead sea bream (Sparus aurata) is a temperate marine coastal finfish that belongs to the 53 Sparidae family, order Perciformes. It is an economically important species highly cultured 54 throughout the Mediterranean area with a yearly production of more than 218,000 metric tonnes, 55 mostly concentrated in Turkey, Greece, Egypt and Spain (FAO, FishStat database, 2019) . This 56 species occurs naturally in the Mediterranean and the Eastern Atlantic Seas, from the British Isles 57 and Strait of Gibraltar to Cape Verde and Canary Islands, supporting previous studies of genetic 58 structure a strong genetic subdivision between Atlantic and Mediterranean populations (Alarcón et 59 al., 2004; De Inocentiis et al., 2004) . Intriguingly, strong subdivisions have also been found at 60 short distances along the Tunisian coasts (Ben Slimen et al., 2004) or between the French and 61 Algerian coasts (Chaoui et al., 2009 ). However, unconstrained gene flow occurs along the coast of 62 Italy, in the absence of physical and ecological barriers between the Adriatic and Mediterranean 63 Seas (Franchini et al., 2012) . 64 Gilthead sea bream is a protandrous hermaphrodite species, as it matures as male during its 65 first and second years, but most individuals change to females between their second to fourth year 66 of life (Zohar et al., 1978) . This sexual dimorphism is a fascinating subject in evolutionary 67 biology, and Pauletto and coworkers (2018) showed for the first time in a hermaphrodite 68 vertebrate species that the evolutionary pattern of sex-biased genes is highly divergent when 69 compared to what is observed in gonochoristic species. Adaptation to varying environments, 70 including high tolerance to changes in water salinity, dissolved oxygen concentration, 71 temperature, social hierarchy or diet composition are also a characteristic feature of gilthead sea 72 bream, making this species a rather unique fish with a high plasticity to farming and challenging 73 environments. This has been assessed in a number of physiological studies with focus on nutrition 74 (Benedito-Palos et al., 2016; Simó-Mirabet et al., 2018; Gil-Solsona et al., 2019) , chronobiology 75 (Mata-Sotres et al., 2015; Yúfera et al., 2017) , feeding behavior (López-Olmeda et al., 2009; 76 5 Sánchez et al., 2009), stress (Calduch-Giner et al., 2010; Castanheira et al., 2013; Pérez-Sánchez 77 et al., 2013; Bermejo-Nogales et al., 2014; Magnoni et al., 2017; Martos-Sitcha et al., 2017; 78 Martos- Sitcha et al., 2019) or disease resilience (Cordero et al., 2016; Estensoro et al., 2016; 79 Piazzon et al., 2018; Simó-Mirabet et al., 2018) . However, the underlying genetic bases of this 80 adaptive plasticity remain unknown. 81 In addition to the two rounds of whole genome duplication (WGD) that affected bony 82 vertebrates (Dehal and Boore, 2005) , a third event of WGD (3R) occurred in the genome of the 83 ancestor of teleost fish that is still present in the signature of modern teleost genomes (Jaillon et 84 al., 2004; Kasahara et al., 2007) . More recent WGD events occurred at the common ancestor of 85 cyprinids and salmonids (Macqueen et al., 2014; Chen et al., 2019) . Comparative genomic 86 analyses have shown that, generally, WGDs are followed by massive and rapid genomic 87 reorganizations driving the retention of a small proportion of duplicated genes (Langham et al., 88 2004) . However, recent studies in rainbow trout (Oncorhynchus mykiss) reveal that the 89 rediploidization process can be stepwise and slower than expected (Berthelot et al., 2014) . Further 90 complexity comes from tandemly-arrayed genes that are critical zones of adaptive plasticity, 91 forming the building blocks for more versatile immune, reproductive and sensory responses in 92 plants and animals including fish (Rizzon et al., 2006; Kliebesntein 2008; van der Aa et al., 2009; 93 Lu et al., 2012) . In any case, it has been shown that retained genes following WGDs or small scale 94 duplicates are preferentially associated with species-specific adaptive traits (Maere et al., 2005) . 95 This notion is reinforced by the recently published study of large-scale ruminant genome 96 comparisons (Chen et al., 2019) , also evidenced in the case of modern teleosts and primitive eels 97 (Chen et al., 2008; Tine et al., 2014; Rozenfeld et al., 2019) for their improved adjustment to 98 natural environment. 99 Here we produced a high quality draft sequence of the gilthead sea bream genome by 100 combining high-throughput sequencing with genetic linkage maps. The current draft assembly 101 6 spans ~1.24 Gb with 932 scaffolds ordered and oriented along 24 chromosomes derived from the 102 genetic linkage map of the first gilthead sea bream genome release (Pauletto et al., 2018) . 103 Homology-based functional annotation, supported by RNA-seq transcripts, identified 55,423 104 actively transcribed genes corresponding to 21,275 unique descriptions. Synteny and 105 phylogenomic analyses revealed a high frequency of species-specific duplications, mostly 106 resulting in the enrichment of biological processes related to genome transposition but also to 107 immune response and sensory responses. Since divergent regulation and function of the multiple 108 copies of tissue-exclusive genes is also supported by RNA-seq transcriptional analysis, gilthead 109 sea bream is emerging as an interesting model to assess the teleost genome expansion and its 110 contribution to adaptive plasticity in a challenging environment. 
Gene Duplication Landscape and Tissue Gene Expression

280
RNA-seq sequenced reads were processed to generate a gene expression Atlas across tissues. 281 Briefly, reads were independently mapped against the reference transcriptome created from the set 282 of ab initio predictions using Bowtie2. As a highly conservative procedure, only predictions with 283 > 50% homology overlapping and ≥ 5 counts were accepted and included as reliable features. 284 Corset v1.07 (Davidson and Oshlack, 2014) was used to quantify genes in each sample separately. 285 Expression values were calculated in reads per kilobase per million mapped reads (RPKM) 286 (Mortazavi et al., 2008) . 287 To retrieve and annotate duplication events, we considered both the species-specific set of 288 homologous genes from the phylogenomics analysis as well as ab initio predictions supported by 289 RNA-seq transcripts. To consider a tissue-specific set of paralogs, all the copies must be supported 290 by phylogenomic evidence and showing the same molecular description based on sequence 291 similarity. Furthermore, to consider a tissue-exclusive set of paralogs, all the copies must also 292 show an expression value in only one of the analyzed tissues. A statistical t-test and a one-way 293 ANOVA (P < 0.05) test were used to detect the differential expression between specialized Supplementary Table 2 ). PE 326 15 read assembly yielded 51,918 contigs with an N50 of 50.2 kb and an L50 of 6,823 contigs. The 327 initial assembly was further improved by means of scaffolding with MP and SMRT reads 328 followed by gap filling. This procedure resulted in 5,039 scaffolds (>750 bp length) with an N50 329 scaffold length of 1.07 Mb and an L50 scaffold count of 227. At this end, the percentage of 330 assembly in scaffolded contigs was 99.2% with a mean scaffold size of 247.38 kb and an average 331 GC content of 39.82%. For more details in assembly metrics see Supplementary Table 3 . 332 K-mer analysis using PE reads (Supplementary Figure 1A) showed 63-mer read length 333 frequency with an estimated genome size of ~1.59 Gb (main peak), including 543 Mb of repeated 334 k-mers (repeat peak). The total scaffold length was ~1.24 Gb, which represents 78% of the 335 estimated total genome size. According to this, the average assembly coverage was 67.8x, and 336 90% of the total assembled genome was included in the largest 1,613 scaffolds (Supplementary 337 Figure 1B ). Supplementary Table 4 ). Furthermore, the number of containments (i.e. shorter overlapping 361 contained sequences) at 98%, 95% and 90% of identity threshold was also very low (3.31%, 362 5.05% and 6.83%, respectively). 363 At the scaffold level, the gilthead sea bream mobilome accounts for the 75% of the full 364 genome size (944 Mb). More than 60% of this mobilome (599 Mb) is constituted by introns, 365 whereas the rest of MGEs are widely spanned throughout the assembly ( Supplementary Table 5 ). Table 6 , including both long (11 Mb constituted by 10 groups; mainly lincRNA, pseudogenes and 377 processed transcripts) and small (1 Mb split in 11 groups mainly microRNA, tRNA and snoRNA) 378 ncRNA. Chimeric/composite genes (i.e. those carrying exon traits constituted by MGEs) were 379 split in 10 groups of loci: non-LTR retroelement traits (7 Mb to activity (11%), signal transduction (6%), developmental process (5%) and growth (2%) among 402 others ( Figure 3B) . The relationship among functional categories is illustrated by a Venn diagram, 403 showing 87 non-redundant gene descriptions of the main five functional categories ( Figure 3C) . 404 This procedure highlighted that the high representation of immune system in chimeric/composite 405 genes was mostly due to a wide overlapping of immune GO terms with the other enriched 406 functional categories. Intriguingly, main intersections were found among immune system process, Figure 4A) . Likewise, the number of syntenic blocks ranged between 483 in O. niloticus to 32 in 420 D. rerio ( Supplementary Table 9 ). Thus, the levels of both orthology and synteny conservation 421 reflects phylogenetic proximity among the compared species. Also, the number of orthologous 422 genes in syntenic blocks were maximal in O. niloticus (9,914; 30.02%), M. zebra (9,499; 34.48%) 423 and G. aculeatus (6,866; 46.85%), whereas salmonids and cyprinids showed the lowest levels of bream that comprised 1,131 paralogs. This feature as well as the high number of connections in 427 the Circos plot of Fig. 4A is indicative of a highly duplicated genome. 428 To gain insights in the evolution of gilthead sea bream genome and study in more detail 429 the origin of these high levels of genomic duplication, we inferred its phylome -i.e. the complete 430 collection of gene evolutionary histories-across nineteen fully-sequenced vertebrate species. To 431 provide a phylogenetic context to our comparisons, we reconstructed a species tree. This was 432 made using two complementary approaches: 1) species tree concatenation of a total of 148 genes 433 with one-to-one orthologous in each of the included species and 2) super-tree reconstruction using 434 58,484 gene trees from the phylome. Both approaches resulted in the same highly supported 435 topology ( Figure 4B Figure 4B; clades 8, 12) . Additionally, the gilthead sea bream genome also showed a high 445 rate of species-specific duplications (2.024 duplications per gene; 0.385 duplications per gene 446 after removing expansions). Functional GO enrichment of these duplicated genes highlighted 447 different biological processes, mostly related to genome transposition, immune response and 448 response to stimulus. This referred to the following GO terms: DNA integration (GO:0015074); 449 transposition, DNA-mediated (GO:0006313); RNA-dependent DNA biosynthetic process 450 (GO:0006278); developmental process, (GO:0032502); transposition, RNA-mediated 451 20 (GO:0032197); DNA recombination, (GO:0006310); immunoglobulin production (GO:0002377); 452 detection of chemical stimulus involved in sensory perception (GO:0050907); regulation of T cell 453 apoptotic process (GO:0070232); telomere maintenance (GO:0000723). In the case of 454 immunoglobulin production, this stated to 24 unique gene descriptions including among others Ig 
Wide Transcriptome Analysis Reveals Different Tissue Gene Duplication Signatures
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Up to 70% of the pre-processed reads of the RNA-seq tissue samples were mapped in the 470 assembled genome, yielding 55,423 genes that are reduced to 16,992 after the removal of low 471 expressed genes, low alignments high scoring pairs (HSP) and phylome-based paralogs. From 472 these filtered sequences, up to 5,322 genes were recognized as ubiquitously expressed sequences 473 in the analyzed tissues ( Figure 5A ). Intestine as a whole (anterior and posterior intestine segments) 474 had the highest number of tissue-exclusive annotated genes (1, 198) , followed by gills (667), liver 475 (256) and spleen (248) and skeletal white muscle (203) . When unique gene descriptions were 476 21 considered, the order of tissues with a tissue-exclusive number of non-redundant molecular 477 signatures was maintained: intestine (512) > gills (379) > liver (139) > spleen (131) > skeletal 478 muscle (123) ( Figure 5B ). This yielded a variable percentage of duplicated genes from 28% in the 479 consensus gene list (1.295 out of 4.625) for all the analyzed tissues to 20-17% in muscle and 480 intestine, 12-10% in liver and gills and 6% in spleen. Likewise, the duplication rate ranged 481 between 1.62 from the consensus list to 1.26-1.24 in muscle and intestine, 1.16 in liver, 1.13 in 482 gills and 1.08 in spleen ( Figure 5C ). The final list of 1,284 tissue-exclusive genes (present in only 483 one tissue) with their number of copies is shown in Supplementary Table 10 . 484 Tissue-exclusive non-redundant paralogs of intestine, skeletal muscle, liver, spleen and 485 gills are listed in Supplementary Table 11 . According to the gene expression pattern in humans 486 and other higher vertebrates (https://www.proteinatlas.org/, https://www.ebi.ac.uk/gxa/home), 487 most of them (65-75%) were classified as tissue-or group-enriched genes (gills paralogs are not 488 included in the analysis due to the lack of a reference expression Atlas for fish species) ( Figure   489 6A). This procedure yielded up to 65 tissue-exclusive paralogs (intestine, 30; skeletal muscle, 17; 490 liver, 13; spleen, 5), showing expression changes between duplicated copies with a similar range 491 of variation when the outliers from intestine (1) and gills (1) were not included in the analysis 492 ( Figure 6B ). For some of them, including cav3, myod1 and myod2 (skeletal muscle); slc6a19 and 493 aoc1 (intestine); upp2 and prom1 (liver); lmo1 and yjefn3 (gills); gp2 and hbb2 (spleen) the 494 differential gene expression pattern for duplicated genes was validated by qPCR, and overall a 495 high correlation was found for representative genes of all analyzed tissues ( Supplementary Table   496 12). 46,509, 27,918 and 25,474 scaffolds, 513 respectively (Jaillon et al., 2004; Tine et al., 2014; Warren et al., 2018) . Likewise, the first 514 gilthead sea bream genome draft comprised 55,202 scaffolds in a 760 Mb assembly (Pauletto et 515 al., 2018) . In concurrence with the present study, a new genome draft of gilthead sea bream was 516 submitted to NCBI (Bioproject accession PRJEB31901), comprising ~833 Mb, which is still 517 below our assembly. This yielded a higher number of unique gene annotated descriptions when 518 comparing our assembled genome with the two previous releases (21,275 vs. 13,835-19,631) . 519 Fish comprise the largest and most diverse group of vertebrates, ranging the size of 520 sequenced genomes between 342 Mb in T. nigroviridis to 2.90 Gb in S. salar (Yuan et al., 2018) . 521 Our unmasked assembled genome is, thereby, of intermediate size (1.24 Gb), although the full 522 genome is expected to be around 350 Mb longer. Indeed, the current assembly contains more than 523 5,000 unique gene descriptions that are not present in the super-scaffolding based on the first 524 genome draft (Pauletto et al., 2018) . Estimations of gilthead sea bream genome size based on flow 525 cytometry of red blood cells rendered a smaller genome size (~930 Mb) (Peruzzi et al., 2005) . 526 Nevertheless, the accuracy of the technique is limited due to high intra-(up to 10%) and inter-527 23 assay (20-26%) sources of variation (Pedersen, 1971; Gregory, 2005) . Certainly, differences in 528 internal/external genome size standards, sample preparation, staining strategies or stochastic drift 529 of instruments might result in significant differences in such genome size estimations (Doležel et 530 al., 1998) , and consequently computational methods (e.g. k-mer frequency counts) are emerging as 531 more reliable approaches for genome size estimations (Sun et al., 2018) . 532 Another important output from our k-mer count analysis was a pronounced second peak 533 that is indicative of a high amount of repeated sequences. In this regard, the results of redundancy continuously and directly exposed to an environment with water-borne pathogens. Thus, duplicate 559 retentions and tandem repeats are commonly found among fish immune genes, with special 560 relevance in those involved in pathogen recognition systems and inhibitors/activators of 561 inflammation (Howe et al., 2016; Li et al., 2017) . In fact, the immunoglobulin loci of teleosts are 562 among the largest and most complex described, sometimes containing even several hundreds of V 563 genes (Fillatreau et al., 2013) . This scenario seems to be likely orchestrated by selfish elements 564 (introns, repeats, transposons, gene families), which trigger genomic rearrangements, 565 substitutions, deletions and insertions (Kidwell, 2002) , leading to the increment of size and 566 complexity of the genome in addition to new gene combinations that result in modified or new 567 biological functions (Lynch and Conery, 2000) . 568 The characterized mobilome highlighted an abundant representation of MGEs as well as a 569 number of chimeric genes that apparently evolved from the co-domestication and/or co-option of 570 MGEs. Co-option is indeed a recurrent mechanism that has contributed to innovations at various Kondrashov, 2012) . A highly conservative filtering step was applied in our gene dataset in order to 591 avoid genetic redundancy or pseudogeneization that could be potentially mistaken as true 592 duplication events (Innan and Kondrashov, 2010) . This procedure showed higher duplication 593 levels in genes expressed in two or more tissues as compared to those with a tissue-exclusive 594 expression, being in accordance the annotation and functions of the tissue-exclusive paralogs with 595 the reference Atlas of tissue gene expression of higher vertebrates. This fact is in agreement with 596 earlier studies demonstrating that in a tissue functionalization context (i.e. gene copies expressed 597 in several tissues), gene duplication leads to increased levels of tissue specificity (Huerta-Cepas et 598 al., 2011). Likewise, we observed herein that gene copies expressed in two or more tissues showed 599 increased duplication rates and percentages of retained paralogs in comparison to tissue-exclusive 600 genes. Analysis of qPCR, designed to discriminate the expression patterns of selected tissue-601 exclusive paralogs (liver, 2; skeletal muscle, 3; intestine, 2; gills, 2; spleen, 2), further emphasized 602 26 this functional divergence towards a more specific regulation of duplicated genes. However, future 603 studies (combining both targeted and untargeted transcriptome approaches) are still needed to 604 clarify the relationship between the gene expressions of duplicated genes and specific phenotypic 605 traits. Although at this stage, it appears conclusive that the genome of gilthead sea bream has 606 retained an increased number of duplications in comparison to closest relatives. In comparison to 607 other modern fish lineages, this higher gene duplication ratio is also extensive to salmonids and 608 cyprinids (Macqueen and Johnston, 2014; Chen et al., 2019) that still conserved signatures of a 609 WGD in their genome. Since the gene repertory of gilthead sea bream is also characterized by the 610 persistence of multiple gene copies for a given duplication, it is likely that this feature is mostly 611 the result of highly active MGEs, allowing the improved plasticity across the evolution of a fish 612 family with a remarkable habitat diversification (Sbragaglia et al., 2019) . This observation, 613 together with a recent eel transcriptome study, renew the discussion about fish lineage specific re-614 diploidization after 3R or even an additional WGD (Rozenfeld et al., 2019) . 615 In summary, a combined sequencing strategy of short-and long-reads produced a high 616 quality draft of gilthead sea bream genome that can be accessed by a specific genome browser that 617 includes a karyotype alignment. The high coverage and depth of this assembly result in a valuable 618 resource for forthcoming NGS-based applications (such as RNA-seq or Methyl-seq), 619 metatranscriptome analysis, quantitative trait loci (QTLs) and gene spatial organization studies 620 conducted to improve the traits of this highly cultured farmed fish. Assembly analysis suggests 621 that transposable elements are probably the major cause of the enlarged genome size with a high 622 number of functionally specialized paralogs under tissue-exclusive regulation. These findings 
